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CHAPTER 1

GENERAL INTRODUCTION

Organic chemicals may contaminate the soil and water through waste disposal,
accidental spills and leakage from underground storage tanks. These chemicals,
including pesticides, industrial wastes, fertilizers, and petrochemicals can be very toxic to
living organisms including humans, in the vicinity of the polluted area.
Organic chemicals interact with soil components in different that influencing their
availability in soil. It is therefore important to understand the transport and behavior of
■

*

.

these chemicals, in order to clean up polluted sites. It is equally important to understand
the nature of soil components, especially soil organic matter which has a high affinity for
organic compounds.
The availability and fate of these organic chemicals in soil are controlled by many
processes, including adsorption, absorption, condensation and desorption. Sorption and
desorption are the most important factors which govern the fate of organic chemicals in
soil. Adsorption refers to association of molecules at the solid-fluid interface. This
interface may exist on the external surface of the particle facing the bulk fluid or on the
surface of the particle facing the fluid contained in pores. Absorption occurs when
molecules penetrate the solid surface and intermingle within its three-dimensional
molecular matrix. Condensation refers to a phase change from the vapor or solution state
to a non-aqueous liquid or solid state (Pignatello, 2000). Desorption refers to the moving
out of the molecules from soil into the aqueous system.
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Many studies have been performed regarding the mechanism of sorption and
desorption of these organic chemicals in soil. No consensus has been reached so far on
the definite mechanism and on the various factors, which influence the sorption process
in the soil environment. The simplified assumption of isotherm linearity, rapid
equilibrium and reverse desorption (Brusseau and Rao, 1989) has been challenged.
Recent studies have reported non-linear isotherms (Spurlock et al., 1995; Weber and
Huang, 1996; Xing and Pignatello, 1997), slow sorption and desorption kinetics
(Steinberg et al., 1987; Pavlostathis and Mathavan, 1992; Xing and Pignatello, 1996) and
sorption/desorption hysteresis (Di Toro and Horzempa, 1982; Huang and Weber, 1997).
Use of the non-linear fitting sorption parameters in the transport equation will result in
significant variations in predicting the movement of contaminants in the environment as
compared to the use of linear fitting parameters. Therefore, reliable estimates of sorption
parameters are essential.
The present research was designed to obtain an improved understanding of the
interaction between hydrophobic organic compounds and soil organic matter through a
series of sorption and desorption experiments. Chapter 1 presents the literature review,
which includes the various mechanisms proposed for the sorption of organic compounds
and the hypothesis for this research. The results of sorption and desorption of
naphthalene on various sorbents are presented in chapter 2. Chapter 3 explores the
sorption of naphthalene in lignin and humin. Chapter 4 summarizes the results of this
research along with ideas for the future research. The results are expected to advance the
knowledge, and clear some uncertainties on the sorption mechanism.
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Literature Review

Sorption and desorption are the underlying processes which affect the transport
and fate of organic contaminants in the soil environment. In the early literature, the
mechanism of adsorption is often attributed to the solid surface only (Hacker, 1974;
Chester, 1977). The modem concept, in modeling the contaminant sorption to soil, is a
solid phase dissolution (partition) mechanism (Schwarzenbach et al., 1993). Accordingly
the sorption process is described as having isotherm linearity and sorption-desorption
singularity. Sorption is also believed to be concentration independent and does not show
any co-solute competition (Chiou, 1989). Although these ideal conditions may be true
under certain circumstances, non-ideal sorptive behaviors such as isotherm non-linearity
(Spurlock et al., 1995; Weber and Huang, 1996; Xing and Pignatello, 1997; Xing, 1998)
and sorption desorption hysteresis (Di Toro and Horzempa 1982; Miller and Pedit, 1992;
Bowman and Sans, 1985), have also been reported. Sorption non-ideality can lead to
significant variations in the predicted transport of the contaminants in soil compared to
the ideal model (Brusseau and Rao, 1989).
Studies have shown that organic compounds preferentially sorbs to the soil organic
matter over the mineral phase of the soil in aqueous system due to strong competition of
water molecules for mineral surfaces (Chiou, 1989; Karickhoff, 1984). The dominant
components of soil organic matter are humic substances. Humic substances (HS) are high
molecular weight, yellow to black colored substances formed by secondary synthesis
reactions (Stevenson, 1994). Humic substances are further classified into humin
(insoluble in both alkali and base), humic acid (insoluble in acid and soluble in
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base) and fulvie acid (soluble in both acid and base). Humic substances are the
principal sorbents in the soil and they govern the distribution of an organic chemical
between bio-accessible mobile phases (solution) and bio-inaccessible immobile phases
(solids). Their interaction with organic compounds, thus needs to be explored at the
molecular level.
Earlier studies that support the partition mechanism suggest that the sorbed
material dissolve into the solid phase by forces common to the solution (Chiou et al.,
1979, 1983). Sorption data in these experiments fit a linear (special case) Freundlich
equation:

x/m = Kd CeN

(1)

where, x/m (pg/gm) is the mass of solute sorbed per unit mass of solid; Ce (pg/mL) is the
final equilibrium concentration; Kd is the distribution coefficient; and N is the Freundlich
constant. According to the partition mechanism, value of the Freundlich constant N=\,
and it also infers that: the equilibrium isotherm is linear; and the lack of solute
competition (Chiou, 1989) and sorption is concentration independent.
Although the partition mechanism works well for some systems, recent
experiments have shown deviation from this simple model, including non-linear
isotherms (Spurlock et al., 1995; Weber and Huang, 1996; Xing and Pignatello, 1997;
Xing, 1998), competitive effects in multisolute systems (Pignatello, 1997; Xing et al.,
1996), and concentration-dependent rate of sorption (Young and Weber, 1995; Yuan and
Xing, 1999). These findings support a non-uniform sorption potential and imply
additional sorption mechanisms.
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The non-linear sorption isotherms have been explained in the literature as multi¬
site models, the distributed reactivity model (Leboeuf and Weber, 1997) and the dual¬
mode model (Xing and Pignatello, 1996; Xing et ah, 1996; Weber et ah, 1998;
Klieneidam et ah, 1999). According to the distributed reactivity model, sorbate molecules
access different regions or domains of a particle via different sorption mechanisms. The
resultant isotherm is a combination of a series of near-linear partition reactions and non¬
linear adsorption reactions (Weber and Huang, 1996).
According to the dual-mode model, the solid phase of soil organic matter (SOM)
is postulated to contain both a partitioning (Henry’s Law) domain composed of
amorphous SOM and an adsorption like (Langmuir) domain comprised of isolated fixed
“sites” within the matrix (Xing et ah, 1996; Xing and Pignatello, 1997). The total
sorption is the sum of sorption in the dissolution domain S(D) and in the hole-filling
domain S(H):

n

S hC

ti

i+z>,c

S = S(D) + S(H) = KDC + y —(2)

p

v;

Because SOM is a heterogeneous material, S(D) is given by a linear term in which
C is the solute concentration and Kp is a lumped sorption co-efficient representing all
available dissolution regions; S(H) is given by a sum of Langmuir expressions
representing multiple sites, where 6, and St are the affinity and capacity constants
respectively for each type of unique site. This multi-site model, spanning several orders
of concentration, shows non-linear isotherms often expressed by an empirical Freundlich
equation, which can be thought as a result of superposition of partitioning and Langmuir
terms (equation 1). N, the Freundlich constant, is also referred to as index of isotherm
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non-linearity (Weber et al., 1992). The closer the A value to unity, the more linear is the
isotherm; the smaller the value of N, the greater is the hole-filling mechanism, i.e.
greater isotherm non-linearity. In particular the value of N is significant regarding energy
distribution (Carter et al., 1995), the more heterogeneous the sorption sites, the smaller is
the value of N.
The dual-mode model was first introduced to describe the sorption behavior of
homogenous polymers (Veith and Sladek, 1965). According to this model, polymers are
characterized on the basis of their internal structure as either glassy or rubbery. The
glassy state is the condensed state and the polymer segments in this state have higher
cohesive forces than in the rubbery state, which is more expanded and flexible in
structure. Sorption of gases and organic molecules to the rubbery state occurs by a
dissolution mechanism, while sorption to the glassy state occurs by concurrent
dissolution and hole-filling mechanisms (Xing and Pignatello, 1997; Berens, 1978;
Sanders, 1986). Hole filling takes place when molecules associate with specific sites in
the matrix. Hole-filling is more likely to occur in condensed regions where the rigidity of
the humic substances results in the creation of sorption sites that is relatively long lived.
These sites have different energy distribution owing to the heterogeneity in their steric
and electronic environments. The holes are suggested to be the Langmuir sites which are
postulated to be local regions of unrelaxed free volume (micro voids), have molecular
dimensions in which one or a few sorbate molecules undergo an adsorption like
interaction with internal surface. Solid State Nuclear Magnetic Resonance (NMR) has
shown the co-existence of relatively mobile and relatively immobile sorbed molecules in
glassy polymers (Toscano et al., 1993; Bandis et al., 1993).
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NMR studies by Comelissen et al. (2000) indicate that the kinetically different
fractions are probably present in different physicochemical environment in sediments.
Their data showed that hexafluorobenzene (HFB) in sediments occupies rapidly
desorbing sites with a resonance at -125.5 ppm relative to CFCI3, as well as at slowly
desorbing sites with a resonance at -165.6 ppm. In an activated carbon sample, one 19F
chemical shift (-176.6) clearly deviated from the one in the sediment, whereas the other
activate carbon signal was similar to the sediment (-125.5 ppm). The chemical shift of
HFB in polyacetly (a rubbery polymer) was fond to be -167.2 ppm. The chemical shift
of the two 19F signals of the HFB in polystyrene (a glassy polymer) was comparable to
ones for sediment (-163.9 and -125.5 ppm, respectively), supporting the hypothesis that
sediment organic matter is a nanoporous material similar to a glassy polymer. Kohl et al.
(2000) demonstrated the existence of at least two sorption domains in SOM. Using solid
state NMR, their results showed a narrow resonance at -167.4 ppm due to HFB
molecules which have a high degree of mobility, and a very broad resonance centered at
-159.1 ppm reflecting HFB molecules which experienced restricted mobilities. The
existence of mobile and immobile sorbed pools gives strong spectroscopic evidence that
the sorption to SOM proceeds by the dual-mode mechanism.
The following additional facts support the dual-mode model in SOM: 1) the
existence of non-linear isotherms, requiring that the activity coefficient of dissolved
compounds inside SOM be concentration dependent, 2) competition in the multi-solute
systems, implying site specificity, 3) concentration dependent heat of sorption, indicating
that the sorption potential is inconstant, and 4) evidence that SOM possess internal
surfaces (Xing and Pignatello, 1997; De Jonge et al., 1996).
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Sorption studies by Xing et al. (1996) and Pignatello (1991) have indicated that
non-linear isotherms become linear in the presence of competing co-solute. It is assumed
that the competing co-solute blocks holes but have no effect on the sorption in the
dissolution domain (Xing et al., 1996). In all cases where competition is demonstrable,
the competitive effect falls off exponentially with increasing co-solute concentration
eliminating the possibility that competition was an artifact of co-solute effects on either
the bulk properties of the sorbent or the aqueous activity coefficients of the principle
solute (Pignatello, 1991). This is also supported by Kohl and Rice (1999) who
demonstrated that removal of lipids from the soil system tended to increase the non¬
linearity of the sorption isotherm, because lipids competed for and blocked most of the
hole sites.
Temperature studies by Xing and Pignatello (1997) indicated that there is a
transition of SOM polymers from the glassy to rubbery state with an increase in
temperature. As the glass-transition temperature is approached, there is a gradual
elimination of the hole sites accompanied by a shift to a pure dissolution mechanism
(Veith, 1991; Berens, 1978, 1989). This eventually results in increased isotherm linearity
and a net decline in the hole- capacity constant (Xing and Pignatello, 1997).
Sorption in the presence of metal cation-saturated samples resulted in non-linear
isotherms with Freundlich exponent (N) value less than l(Yuan and Xing, 1999). These
results could not be explained by the well known partition mechanism alone, but were
compatible with the dual-mode model in which hole-filling concurs with solid-phase
partitioning. Yuan and Xing (1999) postulated the creation of new high-energy sites by
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metal saturation, and that these high-energy sites may be attributed to the conformational
changes in the sorbent samples. According to Hayes 0997), the cations form inter- and
intra-molecular bridges in the humic samples making it more condensed. Thus metal
cations increase the effect of the hole-filling mechanism and hence non-linearity
increases.
SOM composition also has a great impact on sorption of organic compounds (Ben
et al., 1999). In an investigation of naphthalene sorption on a set of soil samples varying
in age, di agenesis and composition of organic matter, Xing (1997) reported that polarity
and aromaticity of SOM significantly influenced uptake of naphthalene by soils. Xing
(2099) reported that the N value decreased (non-linearity increased), with increasing
aromaticity of h .mic acids. Huang and .Veber (1997) examined phenanthrene sorption
et . libria for 10 natural sorbents ranging in geological ages and organic matter
composition, and concl uded that the sorption affinities as well as isotherm non-linearity
for pheaanthrene correlate inversely with the O/C atomic ratios of the SOM. These
results are in confirm.ity with the two-domain model.
Research on the interaction of dissolved organic matter with organic compounds
has sho wn that environmental variables such as pH. ionic strength and presence of other
particles, like coal-tar, infl uence sorption. Carter and Suffet (1982) observed a decrease
m the binding of DDT by humic acids when the pH was raised from 6.0 to 9.2. At pH
8 5, either the addition of calci um or an increase in ionic strength increased binding.
Traina et aL (1989) observ ed that neither pH (1.5-7.3) nor the ionic strength (0.05-0.5
moI/L) had any effect on the binding of naphthalene by water soluble soil organic matter
extracted from a muck soiL The sorption of organic compounds w as reported to be
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influenced in presence of coal-tar. Bayard et al. (2000) reported that naphthalene
sorption is proportional to the amount of coal tar added to the soil.
Chiou (1995) reports that the presence of a small amount of high surface area
carbonaceous material such as charcoal, also contributes to non-linear absorption.
Charcoal is produced by incomplete combustion of fossil fuels and vegetation (Goldberg,
1985). It is ubiquitous in soil and terrestrial sediments. The chemical structure of
charcoal is highly aromatic and this charred organic material can be a source of the
chemically stable aromatic components of SOM. Two characteristics of charcoal govern
many of its environmental involvements: their chemical inertness at low temperature and
the surface sorptive properties (Goldberg, 1985).
Charcoal is characterized by its strong adsorption capacity, which occurs mostly
in cavities of molecular dimensions called micropores. Chiou and Kile (1998) proposed
that high surface area carbonaceous materials (HSACM) like charcoal, account for the
isotherm non-linearity. But the sorption on HSACM should be fast because adsorption
on exposed surface is generally rapid, whereas studies by Pignatello and Xing (1996)
have shown that sorption kinetics on SOM is usually slow and takes from weeks to years.
Also, the isotherm non-linearity increases with increased contact time (Weber and
Huang, 1996; Huang and Weber, 1998; Xing 1998), which is consistent with dual mode
sorption model, but cannot be explained by surface sorption. Furthermore, synthetic
organic polymers like polyvinyl chloride show nonlinear isotherms (Leboeuf and Weber,
1997; Xing and Pignatello, 1997), but these polymers do not contain any HSACM.
The dual domain model has also been supported by Severtson and Banerjee’s
work (2001), for sorption of aqueous organics to kraft making wood fiber. Competitive
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effects were accounted for in this study. They suggest that sorption predominantly
occurred in the lignin phase of the wood fiber.
The dual-mode theory can explain slow kinetics in two ways: 1) diffusion through
the glassy phase of polymers is always much slower than diffusion through the rubbery
phase due to the higher viscosity of the glassy phase, which resists molecular action, and
2) sorption at the void opening may be sterically hindered, this could result in an
activated hole-filling process and thus a slow approach to the equilibrium.
Finally, the desorption data could provide additional evidence to support or reject
the hypothesized sorption mechanism. The existence of hysteresis in desorption of
polyaromatic hydrocarbons (Kan et al., 1994; Huang and Weber, 1997; Weber and
Huang, 1998) contradicted the prediction of a partitioning mechanism, but were
consistent with the two-domain model. Irreversible binding and physical trapping are two
major causes for hysteresis. Numerous studies have observed that the release of organic
contaminants is biphasic, including an equilibrium fraction and a highly resistant
(irreversible) fraction (Kan et al., 1994; Brusseau and Rao, 1989). Experiments by Di
Toro and Horzempa (1982); Miller and Pedit, (1992); Bowman and Sans (1985), suggest
that some of the initial sorption is irreversible and after the maximum irreversible
sorption capacity is reached, the subsequent adsorption becomes reversible. Irreversible
binding includes covalent bonding or other specific forces between the organic
contaminants and SOM. Physical trapping refers to the process that certain sorbates
diffuse into micropores within the SOM matrix and sterically resist coming out. Rapidly
desorbing solute (reversible adsorption) shows linear sorption, whereas the slowly and
very slowly desorbing solute fractions show Langmuir type non-linear sorption

11

(Comelissen et al., 2000). This suggests that differences in desorption kinetics are related
to differences in sorptive status. Schulten (1995) employed molecular mechanics to show
that sorbed hydrophobic molecules can become “trapped” in molecular structures in
organic matter. The kinetic limitation caused by the energetical interactions between
organic matter and solute molecules limits the release of these trapped molecules.
Comelissen et al. (2000) subjected the desorbing sites on sediments to solid state 19F
NMR measurements and reported that HFB in sediment at rapidly desorbing sites had
resonance at -125.5 ppm relative to CFCI3 and a resonance at -165.6 ppm at slowly
desorbing sites. They concluded that the differences in desorption kinetics are related to
differences in sorption status. Slowly desorbing solute fractions show Langmuir type
non-linear sorption. Hence, their results are in line with dual-mode model.
Recently, an Extended Dual-mode model (EDMM) was proposed by Xia and
Pignatello (2001). The EDMM assumes dissolution and hole-filling domains in the
organic solid, with a provision for sorbate caused plasticization of solid and melting of
holes. Their study shows a type of hysteresis for glassy solids, which they called
“conditioning effect”. In this conditioning effect the high loading of sorbate increases the
population of holes upon its removal and a second sorption leads to enhanced uptake and
non-linearity.
The above literature review suggests that the sorption linearity is not universal
and sorption non-linearity appears to be major concern of selection for the appropriate
equilibrium models. Although effects of co-solute temperature and metal cations on
sorption isotherms have been studied, there is no consensus has been reached on the exact
sorption mechanisms.
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My hypothesis is that SOM behaves according to the dual-mode model with SOM
composed of both glassy and a rubbery phase. The rubbery phase shows linear sorption,
whereas the glassy phase is responsible for the non-linearity of the sorption isotherm.
The experiments conducted in this study identify the factors responsible for isotherm
non-linearity. Experiments with synthetic polymers and plant material (containing no
HSACM), will verify if HSACM is the only factor responsible for the isotherm non¬
linearity. The experiments conducted under varying conditions of temperature, presence
of metal cation or different co-solvent will help to understand the impact of the soil
environment on sorption. Over all this study provides evidence to support or oppose the
applicability of the dual-mode model for sorption in the soil environment.

Objectives

1. Study the sorption/desorption isotherms of different polymers, charcoal, and soil
organic matter, and correlate the results with the dual mode-model.
2. Determine the effect of metal-cations on the sorption of organic compounds by
lignin and humin.
3. Examine the influence of temperature on the N value (Freundlich constant) of the
sorption isotherm.
4. Assess the effect of co-solvent on the sorption and the A-value.
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CHAPTER 2

SORPTION AND DESORPTION ISOTHERMS OF
NAPHTHALENE

Abstract

Sorption and desorption experiments, using naphthalene as the model
hydrophobic compound, by selected sorbents including polyethylene, charcoal, lignin,
soil, humic acid and humin were conducted using a batch-equilibration method. The
sorption and desorption isotherms were fitted to the logarithmic form of the Freundlich
equation. All the sorption isotherms were non-linear with the Freundlich constant (N)
less than one. The N values for soil and its fractions followed the order: humic acid >
soil > humin. Desorption hysteresis occurred in all tested systems. The magnitude of
hysteresis was evaluated by the hysteresis index, given as the ratio of N values for
desorption and sorption. Humic acid had the highest value followed by soil and the
humin fraction exhibited the lowest value. The smaller the hysteresis index the greater
the hysteresis. This suggests that the sorption and desorption mechanisms are effected by
age and properties of the sorbent. The results could not be explained by the simple
partitioning model alone, but could be interpreted with the help of the dual-mode model
for sorption, in which sorption occurs by concurrent dissolution and hole-filling
mechanisms.
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Introduction

Transport and availability of hydrophobic organic compounds (HOC) in soil
systems is greatly affected by their sorption to soil materials. Soil organic matter (SOM;,
even if present in trace amounts, is the predominant sorbent of HOC. due to strong
competition by the water molecules for the mineral surfaces (Chiou 1989; Karickhoff.
1984). SOM is composed of humic substances and partially decomposed biomass and
plays an important role in sorption of HOC.
Interpreting the shape of the sorption isotherms commonly assesses the role of
SOM in the sorption of HOC. Both linear and non-linear isotherms have been reported.
According to one school of thought high surface area carbonaceous materials (HSACM
are responsible for the isotherm non-linearity. The other school supports a dual-mode
model according to which SOM has polymer-like, either rubber.- (soft) and glass}' (hard).
sorption domains. Sorption data alone have often been used to determine the sorption
mechanisms (Chiou, 1989). To strengthen the hypothesized mechanism, sorption as well
as desorption experiments were performed with selected sorbents. Sorption and
desorption experiments of naphthalene in lignin (no HSACM). were also conducted. The
results were used to estimate the crucial sorption parameters, and will help elucidate
potential causes of isotherm non-linearity.
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Materials and Methods

Sorbents
Polyethylene (powder, spectrophotometric grade) was purchased from the Aldrich
Chemical Company and was used without modification. Charcoal was provided by
Dr. J. J. Pignatello (Department of Soil and Water, The Connecticut Agricultural
Experiment Station, 123 Huntington St., PO Box 1106, New Haven, CT 06504, USA)
and was prepared by ashing the bark of wood. Lignin (organo solvent) was bought from
the Aldrich Chemical Company (Catalog no. 37,101-7). Soil samples were obtained
from the Massachusetts Agricultural Experiment Station Agronomy Farm in South
Deerfield, Massachusetts (USA). The soil in these plots is a fine sandy loam (fine-loamy,
mesic Dystrudept) and has a SOM content of about 2%. The humin and humic acid
fractions were extracted from the same soil sample (Schnitzer, 1982). The organic
carbon content of the sorbents is listed in Table 2.1.

Sorbate
(Ring-UL-14C) naphthalene was obtained from Sigma Chemical Company and
(12C) naphthalene was from the Aldrich Chemical Company. The properties of the
naphthalene are listed in table 2.2.

Kinetics Experiment
Kinetics experiments were conducted for all the sorbents. Appropriate amounts
of sorbents (determined by soil to solution ratio, to get between 40-80% sorption), were
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Table 2.1. Organic carbon contents (%) of the sorbents.

Soil

Sorbent

Organic Carbon Content

Humic Acid

1.08

54.2

Humin

1.98

Table 2.2. Properties of the model compound naphthalene.

Naphthalene

Molecular weight
(gms/mole)

128.18

Van der Waals volume3
(cm /mole)

73.97

Solubility15
(PPm)

31.0

logKowb

3.30

a Van der Waals volume calculated by Bondi’s method (Bondi, 1964).
b Values from Handbook of Physical Properties of Organic Chemicals (Howard and
Meylan (eds.), 1997).
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Figure 2.1. Kinetics of naphthalene in charcoal.

added to 8 mL screw-cap vials (minimal head space) with Teflon lined septa. The
background solution was 0.01M CaCb and 200 pl/mL HgCh as a biocide. All the points
were run in duplicates. The suspensions were shaken on hematology mixers with rotating
motion. One milliliter aliquots were taken out from different vials for scintillation
counting, after lhr, 2hr, 3hr, 7hr, lOhr, 24hr, 36hr, 3d, and 5d and beyond, to check the
time required for reaching the apparent equilibrium. Figure 2.1 presents the results of the
kinetics experiment conducted with charcoal. The apparent equilibrium time for the other
sorbents is listed in Table 2.3.
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Table 2.3. Apparent equilibrium time periods for the sorbents.

Polyethylene

Charcoal

Lignin

Humic Acid

Soil

Humin

4 days

3 days

8 days

3 days

3 days

3 days

Sorption Experiments
Sorption experiments were conducted using a batch-equilibration method (Xing et
al., 1996; Xing and Pignatello, 1997). All experiments were conducted in duplicates in
8 mL screw-cap vials (minimal head space) with Teflon-lined septa. The background
solution was 0.01M CaC^ and 200 pl/mL HgCh as a biocide. The 14C-labelled
chemicals along with their non-radioactive stock solutions were mixed with the sorbents
at different soil to solution ratio depending upon the sorbent and were adjusted to achieve
40-80% uptake of the solute. Nine different initial concentrations were used, which were
evenly spaced on the log scale, ranging from Opg/mL - 13 pg/mL. Two blanks, with no
sorbent, were run at each initial concentration. The sorbent suspensions were shaken on
the hematology mixer giving rocking-rotating motion at 23 ± 1°C (room temperature), to
achieve the apparent equilibrium. Appropriate mixing periods had been determined by
the kinetics experiments previously described. The vials were then centrifuged at 1000 g
for 30 minutes and about 1 mL of the supernatant was sampled for liquid scintillation
counting (Beckman LS 3801). Preliminary experiments were conducted to determine
vial sorption and any other loss of naphthalene. The vials sorbed very little and the
amount of test compound sorbed was calculated by the mass difference between the
sample vials and the blank vials.
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Desorption Experiments
The desorption experiments were conducted in sequential decant-refill steps
following the completion of the sorption experiments. At the end of the sorption
experiments, solids were separated from the aqueous solution by centrifugation at 1 OOOg
for 30 minutes and a 1 mL aliquot of supernatant was withdrawn from each vial for liquid
scintillation counting. Then about 6 mL of the remaining supernatant was withdrawn
from the vials. The same volume of fresh background solution was then added to these
vials, by weight to the precise amount.
The background liquid used to refill the vials was CaCb and 200pg/mL HgCh
(biocide) solution. This solution was shaken with the same sorbent sample as used for
the sorption experiments, but no solute was added to background liquid. The soil to
solution ratio and the length of the mixing time was identical as for the sorption
experiments. By using background solution from similar conditions as of the samples,
we expect to have replenished any loss of the dissolved and colloidal substances in the
discarded fluid. This ensured that the solution chemistry did not change during the
desorption cycle (Xia and Pignatello, 2001). The background solution was centrifuged at
lOOOg for 30 minutes before it was used to replace the supernatant of the sample being
used for the desorption experiments.
After dilution, the vials were shaken in the hematology mixers for the same
number of days as the sorption experiments (depending on the sorbent). The suspensions
were then centrifuged and a 1 mL aliquot supernatant was extracted for analysis. The
same volume of fresh background solution again replaced the remaining supernatant and
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the above process was repeated for two more cycles. The concentration of the test 14C
sorbate present in the supernatant solution after each desorption was determined by liquid
scintillation counting. Desorbed 14C was calculated at each desorped stage. The amount
of sorbate remaining on the sorbent at each desorption was calculated as the difference
between the initial sorbed amount and the desorbed amount.

Data Analysis
According to the dual-mode sorption model (Xing and Pignatello, 1996, 1997),
total sorption is the sum of sorption in the dissolution S(D) and hole-filling domains S(H)

n

S = S(D) + S(H) = K C +

c hr

Lf—
m 1 + b,C

(2-»

The linear term is given by S(D) and the sum of Langmuir expressions
representing multiple sites is given by S(H). C is the final solute concentration and Kp is
a lumped sorption coefficient. The affinity and capacity constants for each type of
unique site are given by bt and St respectively. But, it is impossible at present to
determine the nature and number of each Langmuir site.
All sorption and desorption data were fitted to the logarithmic form of the
Freundlich equation:

log x/m = log Kf+ N log Ce

(2.2)

where x/mfpg, /gm) is the sorbed concentration and C/pg/rnL; is the final solution
concentration Ecuilibrium isotherms were plotted using log x//n vs Jog

Log /f/was

obtained from the intercept and is the Freundlich coefficient, an index of the sorption
capacity of the sorbent- ,V is the Freundlich constant, which is the slope of the graph //
denotes the deviation from isotherm non-linearity and is described as the index of
isotherm non-iinearityDesorption hy steresis fCf Connor et a' , 1980; Barriuso et a; , 1994; was
calculated as the ratio of Freundlich constants for desorption to sorption i e , //yv:
fsubscripts d and s refer to desorption and sorption, respectively)- If N/N,

3, the

system in non-hysteric, "he hysteresis index is lowest for foe system with most
bvsteresis..
*

Analysis of equation 2,2 shows that units of A/vary non-linearly with -V
Borv.marL 1982; Cher. et a . 1999;. Therefore, /f/vai ues derived from these sorption
isotherms cannot be compared in terms of sorption behavior, since they have different /»'
vai jes Therefore A/has limited use due to its inconsistent units.
Carmo et ah (IS//)) presented a methodology ir. which the m;ts of /f/are
collected by normalizing C* to aqueous solubility value hSUy for the given sorbate. The
solubility normalized equilibrium concentration, also referred as reduced concentration is
given as Cr = C/T* Varor. and Sahzman, 1972; Mills and Biggar, 1999, Spencer and
Clarh 1970;. Using this approach the Freundlich Et -ation is modified as

j/m = A'/C/

<2.3,1
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where K’f is the modified Freundlich Coefficient. Sw is the solubility of the sorbate and is
constant at a given temperature. Sw has the same units as Ce, thus the ratio Cr is
dimensionless.

K/values for nonlinear isotherms for soil, humin and humic acid, could not be
used to compare their sorption capacities since they have different OC content.
Therefore, the organic carbon normalized Freundlich coefficients were calculated for
these materials.

K’/oc = K’/ OC

(2.4)

Results and Discussion

All the sorption isotherms were non-linear as depicted by the Freundlich co¬
efficient N, being less than unity (Table 2.4). The sorption data fit Freundlich’s isotherm
well as indicated by the high values of regression coefficient (r2 >0.975). The sorption
isotherms for all systems are illustrated in Figures 2.2 through 2.7. The sorption
parameters are listed in table 2.4. The results imply that the affinity for sorption decrease
exponentially with increasing solution concentration (Sposito 1984; Xing and Pignatello,
1997).
Polyethylene is a synthetic polymer representing a rubbery phase. As expected it
shows a near linear isotherm, with a N value being close to 1 (N=0.971). Charcoal shows
the lowest N value, since more represents a glassy phase. The non-linearity of isotherms
in charcoal is indicative for HSACM (Chiou and Kile, 1998), but Table 2.4 shows that
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the isotherm for lignin (No HSACM) is also non-linear (N= 0.921). This suggests that
HSACM is not the only reason for the isotherm’s non-linearity. The dual-mode model
can explain the isotherm non-linearity in lignin. It suggests that lignin contains both
glassy (condensed) and rubbery (flexible) phases. Adsorption to the glassy phase is
responsible for the non-linearity.
Table 2.4 shows that the isotherms become progressively non-linear from humic
acid to soil to humin ( N values follow the order humin<soil<humic acid). The order of

N values are as predicted from the dual-mode model in accordance with the composition
of these materials, and reflecting the order of glassy nature of the organic matter. SOM is
heterogeneous in nature and it can show variation in sorption as a function of age and
diagenesis (Hayes et al. 1989; Rullkotter and Michaelis, 1989).
Table 2.5 shows the sorption parameters at the equilibrium concentration (or
reduced concentrations). K/is corrected to K’/by normalizing Ce to aqueous solubility.
Table 2.5 clearly indicates that the organic carbon content normalized values of the
Freundlich coefficient K /oc are maximal for humin. K /oc values can be used to compare
the sorption capacities of the SOM fractions. Humin is the most condensed and aged
fraction of SOM and shows the highest sorption capacity. Soil and humic acid show very
similar sorption capacities. The possible reason for this could be that the humic acid
molecules in soil have prevented the naphthalene molecules from reaching the humin
fraction in the soil.
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igure 2.2. Sorption isotherm of naphthalene in polyethylene.
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Figure 2.3. Sorption isotherm of naphthalene in charcoal.
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Figure 2.4. Sorption isotherm of naphthalene in
lignin (Organo solvent).
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Figure 2.5. Sorption isotherm of naphthalene in
South Deerfield (MA) soil.
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Figure 2.6. Sorption isotherm of naphthalene in
South Deerfield (MA) humic acid.
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Figure 2.7. Sorption isotherm of naphthalene in
South Deerfield (MA) humin.
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Desorption
Desorption isotherms for all systems were constructed using consecutive
desorption data corresponding to initial concentrations (Figures 2.8 to 2.11). Both the
duplicates for each experiment are represented on the isotherms. The data also fitted well
with the Freundlich model as indicated by regression coefficient (r2) exceeding 0.950.
Hysteresis is one of several manifestations of non-ideal behavior that challenges
assumptions associated with the application of sorption models to interaction of
hydrophobic organic chemicals with soil (Huang et al., 1998). Desorption hysteresis was
observed in all the systems. The amount of naphthalene desorbed was smaller than
would be predicted from the sorption isotherms according to the partitioning model. This
is called “positive hysteresis” and suggests that a portion of the sorbed naphthalene is
tightly bound to the sorbent and does not come out readily. Desorption hysteresis has
also been reported in other studies (Kan et ah, 1994; Huang and Weber, 1997; Weber et
al., 1998; Yuan and Xing, 2001).
Hysteresis indices were calculated as the ratio of Freundlich’s exponents for
desorption and sorption (Ndesorptior/Nsorption)- All systems showed hysteresis. The
desorption hysteresis can be explained with dual-mode model. Hysteresis is thought to
be originating form two sources: site specific binding and physical trapping. The
molecules, which get adsorbed into the holes of the glassy phase, will resist coming out
in the solution. This would result in a smaller amount of naphthalene in solution on
desorption.
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A significant decrease in the percentage desorbed during subsequent desorption
steps has also been reported. This was thought to be mainly due to the increasing
desorption resistance of the remaining solid-phase solute (Grover, 1975).
Figures 2.8-2.11 show the N values for desorption, which increase from the lower
concentrations to the higher concentration points in all experiments. This is as expected,
since there are only a limited number of high energy sites in the SOM, these are filled
first at lower concentrations. At higher concentrations the limited high-energy sites may
be easily saturated (resistant fraction) and the proportion of resistant fractions would be
lower at higher concentration, than at lower concentration. Yuan and Xing (1999)
reported found that the loss of high energy sites leads to a decrease in site heterogeneity
(A values increase).
The desorption isotherms showed that at very high concentrations, the N values
tended to decrease again. This could be due to the creation of more holes upon the
removal of the sorbate. As the concentration increases, the sorbate causes dilation
(swelling) of the sorbent (Xia and Pignatello, 2001), converting the glassy phase to the
rubbery state. But upon desorption due to the removal of sorbate molecules, there is a
creation of new holes. Since these new holes can trap more sorbate molecules, which are
more resistant to coming into solution, the N values become less.
Desorption hysteresis effects of soil, humin and humic acid, as a function of the
initial solute concentration, are shown in Figure 2.12. The desorption hysteresis followed
the humic acid < soil < humin order. Humin has a relatively more rigid structure (rich in
glassy phase), leading to maximum hysteresis. Humic acid, being more amorphous,
shows less hysteresis.
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in South Deerfield (MA) humin.
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In conclusion, the dual-mode model was successfully used to interpret the non¬
linear sorption isotherms and desorption hysteresis. The specific sorption/high energy
sites within the SOM could be well responsible for both non-linearity and hysteresis. The
results from this study are potentially useful to predict the fate and bio-availability of the
hydrophobic organic compounds in the soil environment. This would facilitate the
remediation of polluted sites.
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CHAPTER 3

EFEECTS OF CO-SOLVENT, TEMPERATURE AND CATIONS ON
THE SORPTION OF ORGANIC COMPOUNDS

Abstract

Sorption of naphthalene, by lignin and humin fractions was examined using the
batch equilibration method. The sorption studies were conducted at different
temperatures, in the presence of a co-solvent, and after cation saturation of the sorbent.
The sorption isotherms became progressively linear at higher temperatures, in the
presence of a co-solvent, or at higher concentrations of the solvent. The results could not
be explained by the partition (dissolution) mechanism alone. Results were consistent
with the dual-mode model of sorption, where sorption to soil organic matter (SOM) is
assumed to be similar to a glassy polymer (sorption by partitioning and hole-filling).

Introduction

Sorption of hydrophobic organic compounds by soil and sediments plays an
important role in their transport and bio-availability in the environment. But complete
understanding of sorption mechanisms has not been achieved yet. The modem concept
postulates that sorption to SOM is by solid-phase dissolution (partitioning) mechanisms
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The partitioning model employs a gel-polymer concept of SOM and sorption is expected
to be concentration independent (linear) and non-competitive (Chiou, 1989). However,
non-linear isotherms (Spurlock et al., 1995; Weber and Huang, 1996; Huang and Weber,
1998; Xing et ah, 1996; Xing and Pignatello, 1997; Xing, 1998) and competitive sorption
(McGinley et ah, 1993; Xing et ah, 1996; Xing and Pignatello, 1997) have been reported.
The dual-mode model characterizes SOM as a polymer, with its internal structure
as either glassy or rubbery. Humic substances have been described as having expanded
and condensed regions, which may be analogous to rubbery or glassy phases of a
polymer. The sorption to humic substances is thought to occur by concurrent dissolution
and hole-filling mechanisms.
Total sorption is given by the sum of sorption in the dissolution domain S(D) and
the hole-filling domain S(H). Total sorption is given as:

«

ehn

S = S(D) + S(H) = KdC + Y ■ZPt-

'

tfl + b,c

(3.1)

Above equation presents the heterogeneity of the SOM. C and Kp respectively
represent the solute concentration and the lumped sorption coefficients. St and bt
represent the capacity and affinity constants, respectively. S(D) by a linear term and S(H)
represents the sum of Langmuir expressions representing multiple sites. Since it is
impossible at present to determine the nature and number of each Langmuir site, the
Freundlich equation can be used as a surrogate for the dual mode-model, which is more
practical.
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The Freundlich equation is written as:

x/m = KjC'/

(3.2)

where x/m is the total sorbed concentration (pg/g), Ce is the solution phase concentration
(pg/mL), Kp is the Freundlich coefficient, and TV is the Freundlich constant. The value of
TV can be taken as the index of site energy distribution (Carter et al., 1995). The smaller
the value for TV, the broader the energy distribution is and therefore the greater the hole¬
filling mechanism. Isotherm non-linearity may be attributed to a distribution of site
energies. On theoretical basis, a set of specific isotherm parameters corresponds to a
specific site energy distribution. Thus the changes in site energy distribution of the
sorbent will result in a different set of isotherm parameters.
According to the dual-mode model, SOM can be compared to a polymer. SOM
has a rubbery and glassy domain, which are thought to be inter-convertible by changes in
temperature and the presence of a co-solvents. This study presents the results of
experiments conducted at different temperatures, in the presence of a co-solvent and
metal cations. The study objective was to elucidate a greater understanding of the
mechanisms underlying sorption phenomena in SOM.
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Experimental

Materials
Lignin (organo solvent) was bought from the Aldrich Chemical Company
(Catalog no. 37,101-7). Humin was extracted from the soil sample from south Deerfield
experimentation station. Naphthalene was used as the model organic compound
(sorbate).

Sorption Isotherms
The batch-equilibration method (Xing et al., 1996; Xing and Pignatello,
1997), was used to conduct the sorption experiments. All experiments were conducted in
duplicate in 8-mL screw-cap vials (minimal head space), with Teflon lined septa. 0.01M
CaCh and 200jil/mL HgCb (biocide), were used as the background solution. In case of
the Al-saturated sorbent, the aqueous phase was 0.01M AICI3. The

14C-labelled

naphthalene along with their non-radioactive stock solutions were mixed with the
sorbents at different soil to solution ratio depending upon the sorbent and were adjusted
to achieve 40-80% uptake of the solute. Nine different initial concentrations were used,
which were evenly spaced on the log scale, ranging from Opg/rnL - 13pg/mL. Two
blanks with, were run at each initial concentration. The sorbent suspensions were shaken
on the hematology mixer giving rocking-rotating motion at 23 ± 1 °C (room temperature),
to achieve the apparent equilibrium. Kinetics experiments were performed to determine
the apparent equilibrium periods. The vials were then centrifuged at 1000 g for 30
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minutes and about 1 mL of the supernatant was sampled for liquid scintillation counting
(Beckman LS 3801). Preliminary experiments showed no sorption to the vials. Thus, the
amount of test compound sorbed was calculated by the mass difference between sample
vials and the blank vials.

Temperature Study
The sorption experiments were conducted at 23°C (room temperature), and at
60°C and 85°C using an oven. All the other experimental conditions were kept identical
for each of these temperatures, except for the mixing at 85°C. At 85°C the samples were
shaken for 5 minutes, every 30 minutes for the first day and then every 2 hrs, until
sampling.

Co-solvent Study:
The effect of a co-solvent on the sorption of naphthalene on lignin and humin was
determined by using 5% and 20% methanol, respectively. The other experimental
conditions were kept identical. These experiments were conducted at the room
temperature (23 ± 2°C).

Metal Cation (Al+3) Saturation
i *3

The lignin and humin samples were saturated with A1 , prior to the sorption
experiment. Thirty milliliters of 0.01M AICI3 solution were added to two centrifuge
tubes, each containing either lignin or humin. The tubes were placed onto a mixer for 48
hrs. The samples were then centrifuged at 1 OOOg for 15 minutes and the supernatant was
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decanted. The samples were remixed with fresh salt solution and again left for mixing.
The above procedure was repeated three more times. The equilibration period for the last
two runs was 24 hrs. The samples were washed with de-ionized water and precipitated
by centrifugation at 1 OOOg for 10 minutes, 3 times, to remove the excess salt. The A1
saturated lignin and humin samples were then freeze-dried. These samples were used for
subsequent sorption experiments. Other experimental conditions were kept identical.
During the experiment the samples experienced minimal losses, either as vapors due to
headspace or by sorption onto the glass vials. The amount of naphthalene sorbed was
calculated by the mass difference.

Data analysis
Isotherms were constructed for the sorption of naphthalene to lignin and humin by
fitting the data were fit to the log transformed of the Freundlich equation:

log x/m = log K/+ Nlog Ce

(3.3)

N may be considered to represent the energy distributions of the sorption sites. The
parameters Kjand N were determined by linear regression of the log transformed data.
Linear fit of log-transformed data was justified over direct non-linear curve fitting
because the concentrations were spread evenly over the log scale. Thus the direct non¬
linear curve fitting would underestimate the importance of the data at low concentrations
(Xing, 1998).
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Sorption capacities (A/) obtained at different temperatures were compared using
the reduced equilibrium concentration isotherms (Carmo et al., 2000), at each
temperature, corrected using the aqueous solubility of naphthalene. The K’f values were
calculated, using equation 2.3. The significant difference between the N values at
different temperature and in presence of co-solvent at different concentrations was
calculated as by Least Significant Difference (LSD) test at the 1% level.

Results and Discussions
Sorption data for all experiments fitted the Freundlich model well as indicated by
the high values of the regression co-efficient (r >0.960). The results support the validity
of the dual-mode model. These data further confirm the heterogeneous nature of the
SOM and are consistent with the other studies (Huang and Weber, 1998; Xing and
Pignatello, 1997).

Effect of temperature
The sorption isotherms of naphthalene became more linear with the rise of
temperature for both lignin and humin. Figure 3.1a,b and 3.2a,b represent the isotherms
at 60°C and 85°C, in lignin and humin respectively. These results could not be explained
by the partitioning model, but were in line with the dual-mode model.
According to the dual-mode model SOM behaves like a polymer with glassy and
rubbery phases. Conversion of polymers from glassy to rubbery state can be achieved by
heating. As temperature rises, there is gradual elimination of the holes accompanied by a
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Solution Concentration (pg/mL)

Figure 3.1. Sorption isotherm of naphthalene in lignin
(organo solvent) at room temperature (23±2°C),
60°C, and 85°C.

Figure 3.2. Sorption isotherm of naphthalene in humin at
room temperature (23±2°C),60oC, and 85°C.
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shift towards a dissolution mechanism (Berens, 1978; Berens, 1989; Veith, 1991; Xing
and Pignatello, 1997). This results in an increasingly linear isotherm.

Table 3.1. N values for sorption isotherms at different temperatures.

Room Temperature
(23±2°C)

60°C

85°C

Lignin

0.931±0.006a

0.987±0.002b

0.991±0.003c

Humin

0.848±0.004a

0.887±0.007a

0.955±0.010b

For each temperature, different letters denote statistically significant difference at 1% level.

Table 3.2. K’f values at different temperatures.

Room Temperature
(23±2°C)

60°C

85°C

Lignin

22083

38538

40809

Humin

779.99

1027.5

1122.8
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The temperature at which glassy phase gets converted to the rubbery phase, is
called the glass transition temperature. Since SOM is a heterogeneous material the glass
transition temperature is expected to have a broad range. The glass transition temperature
for lignin is given in literature from 65-80°C. It is clear from Figure 3.1b that at 85°C,
the sorption isotherm in lignin becomes almost linear. Evidence of the glass transition
phenomenon in a peat humic acid and a stream-derived fulvic acid as identified through
use of temperature-modulated differential scanning calorimetry (TMDSC) and thermal
mechanical analysis (TMA) has also been reported (Young and Leboeuf, 2000). This
study further suggests a general macromolecular structure of the SOM.
The sorption capacity, K /, for lignin and humin at different temperatures was
calculated by using reduced concentration isotherms and the solubility of naphthalene at
that particular temperature. Table 3.1-a and b respectively shows the comparative N and

K/values at different temperatures for lignin and humin. It is clear from the table that
the sorption capacity at higher temperatures is increased. This eliminates the possibility
that at higher temperature the isotherm becomes more linear due to less sorption, because
the solubility of naphthalene would be higher at the elevated temperature.

Effect of Co-solvent
The value of the Freundlich constant (N) increased in the presence of a co-solvent
(methanol), for sorption of naphthalene to lignin the isotherm becomes more linear
(Figure 3.3.). At 20% methanol the isotherm become completely linear. A modest
increase in the predicted direction was observed in the N value in the presence of 5%
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methanol and 20% methanol. The lvalues as compared against the //values with no co¬
solvent are given in Table 3.3.
The glass to rubbery phase transition can also be achieved by infusing the
polymer (SOM), with high concentrations of a swelling solvent (Xing and Pignatello,
1997). Methanol is known to swell organic soils (Lyons and Rhodes, 1993). These
results are consistent with the dual-mode model. The effect of the co-solvent confirms
data reported in earlier literature (Xing and Pignatello, 1997; Spurlock and Biggar, 1994).

Table 3.3. lvalues in presence of methanol as a co-solvent

No Co-solvent

5% Methanol

20% Methanol

Lignin

0.931±0.006a

0.959±0.004b

1.000±0.006c

Humin

0.848±0.004a

0.852±0.001a

0.902±0.008b

For each methanol concentration, different letters denote statistically significant difference at 1% level.
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Sorbed Concentration (ng/g)

10000

Solution Concentration (pg/mL)

Sorbed Concentration (ng/g)

Figure 3.3. Sorption isotherm of naphthalene in lignin
(organo solvent) with no methanol, 5%
methanol and 20% methanol.

Figure 3.4. Sorption isotherm of naphthalene in humin with
no methanol, 5% methanol, and 20% methanol.
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Effect of Metal Cation
i

Sorption isotherms of naphthalene in A1

saturated lignin and humin, show a

very slight decrease in the TV values (table 3.3). The change is modest, but is in the
predicted direction. Dual-mode model suggests that addition of cations to sorbent would
cause cross-linking of polymer strands, through interaction with the functional groups.
This can lead to smaller, denser and more rigid molecules or condensed molecular
configuration. Accordingly, there is more of hole filling and the isotherms become more
non-linear (decrease in the A value).
Yuan and Xing (2001) reported a substantial decrease in the TV value in A1 saturated humic acid (TV = 0.952 in untreated sample, to TV= 0.906 in the A1 -saturated
sample). Since humin is a relatively rigid structure and has less functional groups it will
not be much affected by A1

saturation. Humic acid, however, is very flexible in nature

with lots of functional groups that can facilitate cation bridging between the anionic
functional groups (Ghosh and Schnitzer, 1980; Triana et al., 1989; Schlautman and
Morgan, 1993).
The type of metal cation used may affect the final results. Yuan and Xing
i/y

i o

(2001) reported that Al

cations reduce the TV values more efficiently than Ca

cations,

in the same sorbent. This could be because of the difference in the charge on these
cations.
This study demonstrates that SOM is heterogeneous in nature and lends additional
support for non-linear and competitive sorption. It suggests that a dual-mode sorption
model exists and the two domains of this model (rubbery and glassy) are inter-
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convertible. The results from this study are thought to be useful in understanding the

Sorbed Concentration (M^g/g)

sorption behavior of organic compounds.

Solution Concentration (pg/mL)

Sorbed Concentration (Mg/g)

Figure 3.5. Sorption isotherm of naphthalene in
Al3+ saturated lignin.

Solution Concentration (pg/ml_)
Figure 3.6. Sorption isotherm of naphthalene
in Al+3saturated humin.
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CHAPTER 4

SYNTHESIS

Summary

The overall goal of this research was to provide a better understanding of the
sorption mechanisms of organic compounds in soil and soil organic matter. The results
from this study support the applicability of the dual-mode model. Chapter 2 presents the
results of sorption of naphthalene to synthetic polymer, natural polymers, soil, humic acid
and humin. Isotherms with varying degrees of non-linearity were observed. The non¬
linearity varied according to structure, age, and organic carbon content of the sorbent and
was in line with the dual-mode model. A positive sorption/desorption hysteresis was
observed in all tested systems. The extent of hysteresis was measured by hysteresis
indices. The results from the desorption study provides a strong support of the dual¬
mode model. The hysteresis effect was higher for the lowest concentrations. The results
of the sorption/desorption study with lignin (non HSACM), suggest that HSACM alone is
not responsible for the non-linearity. Hence, partitioning cannot be the sole sorption
mechanism.
Chapter 3 studied the effect on sorption isotherms of elevated temperatures, the
presence of a co-solvent (methanol), and presence of metal cations (A1 ). Lignin and
humin were used as the sorbents. Sorption was responsive to these conditions and in the
predicted direction. These conditions of temperature and co-solvent also affected the
hole population.
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Temperature and the presence of a co-solvent had a swelling effect on the sorbent.
Higher temperatures and co-solvent concentrations tended to swell up the sorbent. This
is due to the transition of the glassy phase to the rubbery phase accompanied by
elimination of the holes. As a result of this there is a domination of the partition
mechanism, and the sorption isotherms become more linear. The metal cation, Ar3, did
not show much difference in the sorption isotherms, but there was a modest decrease in N
■ o

values in the predicted direction. The A1

cation is thought to form cross-bridges

through the functional groups in the sorbent, which will cause increased condensing of
the sorbent. This would lead to a more non-linear isotherm.
The results from this study showed that variations in environmental and
experimental conditions have a significant effect on the shape of the isotherm. All the
results were consistent with the dual-mode model and lend further support to its
applicability.
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Future Research

1. Sorption mechanisms with broad classes of organic compounds, with different
molecular sizes and polarity, need to be tested to examine the effect of organic
compound on sorption and to see if the results could be explained by the dual
mode model.
2. This research studied the sorption and desorption using relatively short
equilibration times. Long term (weeks or months) equilibration periods may
indicate differences in the sorption and desorption results. Therefore, long term
experiments need to be investigated.
3. Changes in pH can have significant effect on sorption parameters. Similarly, the
presence of material like coal-tar or metal-complexes may have considerable
influence on the sorption properties of the sorbent. These topics therefore need to
be explored in greater detail to have a better understanding of sorption in relation
to environmental conditions.
4. The effect of soil organic matter in different textured soils and with different kind
of treatments could be investigated to see if different results are observed. This
could help in predicting the fate of organic compounds in a particular type of soil.
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